This work investigated the effect of nominal boron (B) additions of 0.1 mass% and 1 mass% on the elevated-temperature (673-728 K) tensile-creep deformation behavior of a Ti-6Al-4V(mass%) alloy for applied stresses between 400-600 MPa. The alloys were evaluated in the as-cast and cast-then-extruded conditions. Boron additions resulted in a dramatic refinement of the as-cast grain size and TiB whisker volume percents of approximately 0.6 and 6.0 for the Ti-6Al-4V-0.1B and Ti-6Al-4V-1B alloys, respectively. The extrusions were performed in thephase field and resulted in the TiB-phase whiskers aligning in the extrusion direction. The creep resistance of the as-cast alloys significantly improved with increased B concentration, where around an order of magnitude decrease in the secondary creep rate was observed between the Ti-6Al-4V-1B and Ti-6Al-4V as-cast alloys. Grain refinement due to the B addition did not deleteriously affect the creep resistance in the temperature and stress ranges considered, where dislocation creep was suggested to be the dominant secondary-creep mechanism. The enhanced creep resistance was attributed to load sharing by the TiB whiskers. For the same nominal B contents, the cast-then-extruded alloys exhibited significantly greater creep resistance and tensile strength than the as-cast alloys. This was explained to be an effect of the -phase texture and the decreased lath spacing in the cast-then-extruded alloys compared with the as-cast alloys. The cast-then-extruded alloys exhibited four times lower lath widths than the as-cast alloys, and the -phase was strongly textured such that the basal plane was predominately oriented perpendicular to the extrusion axis. Comparing the cast-then-extruded alloys, the Ti-6Al-4V alloy exhibited the greatest creep resistance. Overall the -phase consisted of approximately 80% of the microstructure, and the -phase texture appeared to be more dominant to the creep resistance and tensile strength than the small volume percent of TiB-phase in the microstructure. Although B is not necessary to optimize the elevated-temperature creep performance of the Ti-6Al-4V alloy, when boron was present, greater boron additions increased the creep resistance. In-situ creep observations of the surface indicated that the TiB whisker cracking occurred prior to slip and void formation in the þ phases. This was followed by = interface cracking and ductile failure of the þ microstructure.
Introduction
Recent studies have shown that dramatic microstructural and mechanical property changes occur to conventional þ type titanium (Ti) alloys through small boron (B) additions. In particular, high room-temperature (RT) specific stiffness and strength along with reasonable elongation-to-failure (" f ) can be obtained. 2, 3, 25, 26) The significant increase in strength and stiffness in boron-modified Ti alloys arise from the strong and stiff TiB whiskers that precipitate in-situ during solidification. 3, 23) Due to the similarity of the thermal expansion coefficients (8:6 Â 10 À6 /K for Ti and 7:5 Â 10 À6 /K for TiB 21) ), only small residual stresses result at the TiB/Ti interface, which does not exhibit significant reactivity, 30) after the cooldown from processing. In addition, recent work has shown that the addition of small amounts ($0:1 mass%) of B to a Ti-6Al-4V(mass%) alloy decreases the as-cast grain size by approximately an order of magnitude. 7, 26) This drastic reduction in the as-cast grain size leads to significant benefits including increased yield strength. Trace B additions also improve workability by reducing the thickness of the brittle grain boundary phase. 26) In addition, the TiB forms a necklace structure at low B levels, which helps in restricting grain growth during subsequent thermomechanical processing operations.
3) Small B additions do not result in significant density changes, thus the higher strength and stiffness of boron-modified Ti alloys provides important increases in specific strength and stiffness.
B-modified Ti alloys are currently used for various ambient-temperature commercial applications (e.g. exhaust valves of automotive engines). 1) However, understanding the mechanisms of deformation and fracture at elevated-temperature is necessary to consider these materials for fracturecritical aerospace applications. This study focused on the elevated-temperature (673-728 K) creep deformation evolution and mechanisms in hypoeutectic Ti-6Al-4V-xB (x 1 mass%) alloys. The objectives were to access the effects of B additions on the microstructure and creep strainlife behavior of cast and cast-then-extruded Ti-6Al-4V alloy and to evaluate and understand the creep deformation mechanisms of Ti-6Al-4V-xB alloys as a function of stress, strain, temperature, and B concentration.
Experimental Procedure

Processing and microstructural characterization
Castings of 70 mm in diameter and 500 mm in length were produced for the Ti-6Al-4V, Ti-6Al-4V-0.1B, and Ti-6Al-4V-1B alloys at Flowserve Corporation (Dayton, Ohio) via induction skull melting. The compositions of the bulk alloys were measured through Inductively Coupled Plasma Optical Emission Spectroscopy and Inert Gas Fluorescence. All castings were hot isostatically pressed at 1173 K and 100 MPa for 7.2 ks. This condition represented the as-cast state. A portion of each casting was sectioned and canned in commercially-pure Ti in preparation for extruding. The extrusions were performed in the -phase field at 1373 K at a reduction ratio of 92% and the strain rate was 1.0 s À1 . The final diameter of the extruded rods was approximately 20 mm. No post-processing heat treatments were performed on either the as-cast or cast-then-extruded alloys prior to the tensile and creep testing.
The alloys were prepared for imaging using conventional metallography techniques, and SEM was used to characterize the average prior-grain size, the and lath width sizes, the phase distributions and their morphologies. Phase volume percents and lath widths were determined using ImageJ image analysis software on backscatter electron (BSE) SEM photomicrographs acquired using either a CamScan 44FE Field Emission SEM, a Cambridge Stereoscan 250 Mk 2 SEM, or a FEI Quanta 600 Field Emission SEM. The lath widths were measured perpendicular to the longitudinal axis of the laths, and more than 300 lath widths for each of the and phases were represented in the calculated averages. Electron backscatter diffraction (EBSD), performed using hardware and software manufactured by EDAX-TSL, Inc (Mahwah, NJ), was used to evaluate the microstructures. Spatially-resolved EBSD maps were acquired at 20 keV using a step size ranging between 0.2-1.0 mm on samples polished through colloidal silica (0.06 mm average particle diameter).
Transmission electron microscopy (TEM) analysis was performed using a Hitachi HF-3300 TEM/STEM at 300 kV. The samples were ground to a thickness of approximately 150 mm then punched into 3.0 mm diameter discs. The discs were then hand polished using 2400-grit silicon carbide paper and electropolished to perforation at a temperature of 258 K using a Struers (Westlake, OH) TenuPol-5 electropolishing unit at 28 V. The electropolishing solution contained 60% methanol, 33.5% 2-butoxyethanol, 6% perchloric acid, and 0.5% glycerin. In order to determine the weight percentages of Ti, Al, V, and B in the TiB, , and phases, microprobe analysis was conducted on mounted and polished samples using a JEOL JXA-8200 WD/ED combined microanalyzer operated at 10 kV and an emission current of approximately 55 nA. X-ray Diffraction (XRD) 2 scans were collected from 20-120 degrees at a step size of 0.0167 degrees using a X'Pert Pro MPD diffractometer (PANalytical, Inc., Almelo, Netherlands) with copper K radiation. XRD pole figures on a 5 degree by 5 degree grid were acquired using a PTS goniometer (Scintag, Inc. Sunnyvale, CA) with chromium K radiation over a tilt range from 0-75 degrees.
Tensile experiments
Tensile tests were performed at 728 K at a strain rate of 10 À3 s À1 using a servohydraulic testing machine described elsewhere. 31) Prior to testing, the samples were electrodischarge machine (EDM) cut into a dogbone geometry, typically containing a gage length of 25 mm and a gage width of 13 mm, and the EDM recast layers were removed through silicon carbide paper grinding to a 600-grit finish. Strain was measured during the tensile tests with an alumina-arm extensometer attached directly to the gage section of the sample. The samples were allowed to soak at temperature for 0.9 ks prior to tensile testing.
Conventional creep experiments
Dogbone-shaped tensile-creep specimens, typically containing a gage length of 25 mm and a gage width of 13 mm, were machined using an EDM. Recast layer, were removed through silicon carbide paper grinding to a 600-grit finish. Open-air, constant-load tensile-creep experiments were performed on vertical load frames, manufactured by Applied Test System, Incorporated (Butler, PA), equipped with lever arms. The test temperatures and applied stresses ranged between 673-728 K and 400-600 MPa, respectively. The creep strain-life behavior was documented throughout the experiments. Strain was monitored using a linear variable differential transformer on a 25 mm gage-length hightemperature extensometer. Specimen temperatures were monitored by three chromel-alumel type K thermocouples located within the specimen's reduced section. Targeted test temperatures were maintained within AE3 K. The test specimens were soaked at the creep test temperature for at least 3.6 ks prior to applying load in order to minimize the thermal stresses. For most experiments, after the creep strain had proceeded well into the secondary regime, either the load or temperature was changed or the creep test was discontinued. The tested specimens were cooled under load to minimize recovery of the deformed microstructures. Selected specimens were taken to failure. For selected creep conditions, duplicate experiments were performed.
In-situ creep experiments
In-situ tensile-creep experiments were conducted on the cast-then-extruded Ti-6Al-4V-1B and Ti-6Al-4V-0.1B alloys at ¼ 450 MPa and T ¼ 728 K. Flat dogbone-shaped samples, with gage dimensions of 3.0 mm wide by 2.5 mm thick by 10 mm long, were prepared. These experiments were performed using a screw-driven tensile stage (built by Ernest F. Fullam, Incorporated, Clifton Park, NY) placed inside a CamScan 44FE SEM chamber. Temperature was controlled using a constant-voltage power supply to a tungsten-based heater, with a 6.0 mm diameter, located just below the gage section of the sample. An open-bath, closed-loop chiller was used to circulate distilled water at RT through copper tubes to prevent the tensile stage from overheating. A fine-gage Ktype thermocouple was spot-welded to the gage section of each sample. After the temperature of the samples reached the desired creep temperature, a period of 1.8 ks was given to stabilize the thermal stress prior to applying load. The load, which was measured using a load cell with a capacity of 4.448 kN, was applied at 3.7 N/s until reaching the desired creep stress. The tests were considered constant load where the stress fluctuation varied AE3:0 MPa. The displacement data acquired during the experiments comprised that of the sample as well as the gripping fixtures. Thus the displacement values reported do not represent the sole displacement of the reduced gage section of the sample. BSE SEM images were taken before loading and at periodic displacements throughout the creep experiments without interrupting the experiment. The samples were unloaded prior to fracture and after 4.21 ks and 4.86 ks for the Ti-6Al-4V-0.1B and Ti-6Al-4V-1B cast-then-extruded alloys, respectively. The pressure in the SEM chamber never exceeded 10 À4 Pa, and therefore oxidation did not detrimentally affect the SEM imaging. Further details of this apparatus and testing technique can be found elsewhere. 25, [32] [33] [34] 3. Results Table 1 lists the composition of each of the studied alloys. Table 2 lists the volume percents of the TiB, , and phases for each alloy along with the average and lath widths. Photomicrographs of the as-cast and cast-then-extruded
Microstructure
The Elevated-Temperature Creep Behavior of Boron-Modified Ti-6Al-4V Alloysmicrostructures are illustrated in Figs. 1 and 2 , respectively. The TiB phase in the extruded alloys was aligned along the extrusion axis, see Fig. 2 (b) and (c). This was also evident in the TEM observations (see Fig. 3 ). The addition of 0.1B to the Ti-6Al-4V alloy refined the as-cast grain size (referred to as the prior-grain size) from 1700 mm to 200 mm. The prior-grain size of the Ti-6Al-4V-1B as-cast alloy was approximately 70 mm. Thus beyond 0.1 mass%B, there was a smaller increment in additional reduction in the prior-grain size. The photomicrographs in Figs. 1 and 2 indicate that higher B concentrations lead to higher TiB phase (darkest phase) volume percents. The volume percents of TiB in the Ti-6Al-4V-0.1B and Ti-6Al-4V-1B as-cast alloys were approximately 0.6 and 6.0, respectively. The 0.1B addition reduced the thickness of the grain boundary phase from approximately 10 mm to 2.0 mm. The TiB necklace structure for the Ti-6Al-4V-0.1B alloy (see Fig. 1(b) ) restricted the grain growth at high temperatures via Zener pinning as has been recently confirmed through in-situ experiments by Komizo et al. 35) The volume percents of the phase remained relatively constant (13 < V p < 16) for each ascast alloy. The volume percents of the phase in the Ti-6Al-4V-xB cast-then-extruded alloys ranged between 18-21%. This slight increase in the -phase volume percents compared to the as-cast alloys may have been a result of the -phase field extrusion followed by the more rapid cooling compared to the as-cast alloys. The average -lath width varied slightly with B concentration and was always between 3.6-4.2 mm for the as-cast alloys. The extrusion procedure significantly reduced the lath widths. For the cast-then-extruded alloys, the lath widths were approximately four times smaller than those for the as-cast alloys, and similar to the as-cast alloys, no significant effect of B was observed with respect to the lath widths for the cast-then-extruded Ti-6Al-4V-xB alloys (see Table 2 ). The microprobe data (see Table 3 ) showed that the -phase was enriched with V, and the -phase was enriched with Al and Ti. There was no detectable amount of B in either the or phases. There was 3.4 mass% V (1.9 at%) in the TiB phase. For the Ti-6Al-4V-1B alloys, the TiB whiskers ranged in length up to 50 mm and in diameter up to 3 mm.
EBSD analysis indicated that the and TiB phases for the cast-then-extruded alloys were strongly textured. For the Ti6Al-4V-0.1B cast-then-extruded alloy, the TiB-phase texture was more than 17 times random (see Fig. 4 ). The TiB was textured with [020] parallel to the extrusion axis for the Ti6Al-4V-0.1B and Ti-6Al-4V-1B cast-then-extruded alloys. Figure 5 illustrates XRD Intensity versus 2 plots for the ascast and cast-then-extruded alloys. The plots were acquired for transverse sections cut perpendicular to the longitudinal axis of the castings and extrusions. The largest peaks for the cast-then-extruded alloys were for the basal plane (0002). This was verified by the XRD pole figures about the (0002) plane (see Fig. 6 ). Thus the extrusion resulted in a preferred alignment of the basal plane perpendicular to the extrusion axis. It is important to note that the largest peak for the retained phase was for the (110) plane. Thus it is believed that the extrusion procedure resulted in a (110) -phase texture. Neither the TiB-phase nor the -phase was strongly textured for the as-cast alloys.
Tensile behavior at 728 K
The tensile properties at 728 K for the studied alloys are shown in Table 4 and Fig. 7 , respectively. The yield stress (YS) and ultimate tensile stress (UTS) values of the ascast alloys were significantly lower than those for the castthen-extruded alloys. Greater B contents resulted in greater tensile strengths for the as-cast alloys, however the strengths of the cast-then-extruded alloys were insensitive to B content. The " f value for the as-cast Ti-6Al-4V-1B alloy was 2.5%. However, the average " f value for the Ti-6Al-4V-1B cast-then-extruded alloy was 8.2%. Each of the other alloys exhibited a minimum " f of 9.7%. The Young's modulus (E) increased with increased B content for each Ti-6Al-4V-0.1B, and (c) Ti6Al-4V-1B cast-then-extruded alloys. The TiB phase is black, the phase is gray, and the phase is white. The TiB phase was aligned parallel to the extrusion direction, which was horizontal in the images. Ã at% is in parenthesis.
The Elevated-Temperature Creep Behavior of Boron-Modified Ti-6Al-4V Alloysalloy processing condition, and the cast-then-extruded alloys exhibited significantly greater E values than the as-cast alloys.
Creep behavior
Creep strain versus time curves are shown in Fig. 8 . The creep behavior resembled that of pure metals exhibiting primary, secondary, and tertiary stages. 36, 37) For the as-cast alloys, greater B concentrations resulted in significantly lower creep strains and strain rates in both the primary and the secondary regimes. Greater B contents also increased the creep-rupture times. In general, the Ti-6Al-4V-1B alloy exhibited around an order of magnitude lower minimum strain rate than the Ti-6Al-4V alloy for a given applied stress and temperature. The creep stress exponents (n), which were calculated using the minimum creep rate versus stress plots shown in Fig. 9 (a), were greater than 8. The apparent activation energy (Q app ) values ranged between 275-395 kJ/ mol at ¼ 450 MPa (see Fig. 10(a) ).
For the cast-then-extruded alloys, the lowest secondary creep strain rates were exhibited by the Ti-6Al-4V alloy, while the Ti-6Al-4V-1B alloy exhibited lower primary creep strains and secondary creep strain rates than the Ti-6Al-4V-0.1B alloy (see Fig. 8(b) , (d), and (f)). The Ti-6Al-4V-0.1B alloy always entered tertiary creep prior to the other alloys for a given applied stress and temperature. The n values were greater than or equal to 4.8 at 673 K, (see Fig. 9(b) ) and the Q app values ranged between 287-301 kJ/mol at ¼ 600 MPa for temperatures between 673-728 K (see Fig. 10(b) ). For both microstructures of the as-cast and cast-then extruded alloys, no phase instability was observed on the post-creep gage sections even after more than 3:11 Â 10 6 ks of creep exposure at 673 K. In such cases the measured volume percents of the TiB, , and phases were similar both before and after the experiments. Deformation observations indicated that extensive TiB whisker cracking was evident, and the extent of the TiB whisker cracking increased with increased creep strain. BSE SEM images taken from polished gage sections of the deformed creep specimens (see Figs. 11 and 12 ) indicated the extent of the TiB whisker cracking within the bulk of the material. Cracking was also observed within the phase and at the interfaces between the and phases (see Fig. 13 ). In addition environmentally-assisted cracking was evident at the edges of the samples, where an -case layer had developed due to oxidation at the surface, see Fig. 14(a)-(b) . Such cracking occurred preferentially along the -case layer at the surface, which was formed due to oxidation.
Deformation evolution
In-situ creep observations of the surface of a Ti-6Al-4V-1B cast-then-extruded sample indicated that the TiB whiskers cracked extensively (see Fig. 15 ). The TiB whiskers exhibited microcracks at low displacement levels (500 mm). These microcracks grew into macrocracks and multiplied with increased creep strain and time. Localized slip in the þ microstructure initiated after the TiB whisker cracking became extensive. Deformation continued via large plasticity in the þ microstructure followed by void formation and coalescence and crack formation at the interface of the and phases and within the individual and phases, before final ductile fracture. The TiB whisker cracks grew perpendicular to the loading direction to crack widths as large as 3 mm. No slip was observed in the TiB whiskers, and after subtracting the length of the cracks in the TiB whiskers, it was determined that the length of the TiB whiskers did not increase noticeably. Thus it was concluded that little-to-no plastic deformation occurred in the TiB phase. A lower-magnification post-test image of an area encompassing the same area exhibited in Fig. 15 is shown in Fig. 16 . In-situ creep observations also indicated that the TiB whiskers cracked extensively for the Ti-6Al-4V-0.1B cast-then-extruded alloy (see Fig. 17 ) and the deformation evolution events were similar to that for the Ti-6Al-4V-1B alloy. The
Microstructure
The -phase field extrusion played a significant role in altering the as-cast microstructure. The extrusion procedure resulted in a significantly finer grain size. The extrusion procedure also resulted in significantly refined and lath widths and a strong TiB-phase and -phase texture. Sen et al. 29) studied the fatigue crack growth behavior of as-cast Ti-6Al-4V, Ti-6Al-4V-0.05B, Ti-6Al-4V-0.1B, and Ti-6Al-4V-0.4B alloys. The Ti-6Al-4V and Ti-6Al-4V-0.1B alloys were cut from the same ingot as that examined in the current study. They observed decreasing -lath widths for the alloys containing greater B contents. Their -width measurement (6:8 AE 1:8 mm) for the Ti-6Al-4V alloy was significantly larger than that measured in the current study (3:8 AE 1:1 mm). The reason for this discrepancy is not explained. However, the measured -lath width of the Ti-6Al-4V-0.1B alloy (4:2 AE 1:2 mm) in their work was almost identical to that (4:2 AE 0:5 mm) measured in the current study. Their measurement of the -lath width for a Ti-6Al-4V-0.4B alloy (3:5 AE 1:1 mm) was very close to that found for the Ti-6Al-4V-1B alloy (3:6 AE 0:8 mm) of the current study. The trend observed in both studies was that little decrease in the -lath widths occurs for B contents greater than 0.1B. Overall, neither the -lath nor -lath widths changed dramatically for the as-cast B-modified Ti-6Al-4V alloys examined in the current study. The lath widths for the cast-then-extruded alloys were also independent of B content. The significantly finer lath widths for the cast-then-extruded alloys compared with the as-cast alloys were likely a result of the extrusion procedure followed by faster cooling than that for the as-cast alloys. The large amount of dislocations produced during the extrusion process may act as effective sites for heterogeneous nucleation of the -laths during cooling.
For the as-cast alloys, the TiB phase was not textured. This is in agreement with previous observations by Ivasishin et al. 28) for an as-cast eutectic Ti-6Al-4V-1.55B alloy. The extrusion procedure aligned the TiB whiskers in the extrusion direction with [010] aligned parallel to the extrusion direction, see Fig. 3 . This is in agreement with the TEM observations indicating the growth direction of the TiB whiskers is [010], 16, 38) which showed that the fiber axis of the TiB whisker is parallel to [010] . In addition, direct extrusion of an as-cast eutectic Ti-6Al-4V-1.55B alloy in the -phase field aligned a majority of the TiB along the extrusion direction.
28) The high aspect ratios of the TiB phase are due to strong anisotropy in growth rate, with the fastest growth in the [010] axial direction of rods and the long dimensions of plates. Thermomechanical processing in the -phase field allows reasonably easy plastic flow and facilitates rigid body rotation of the intermetallic TiB phase causing alignment along the direction of flow.
39)
The -phase became strongly textured during the extrusion procedure. This texture was quite similar to that resulting from hot rolling of Ti-6Al-4V alloy rods. 40, 41) During thephase field extrusion, it is expected that the phase will preferentially align with the {110} family of planes parallel to the extrusion direction as the phase has 12 slip systems associated with {110} family of planes. The {110} planes are located either 0, 60, or 90 degrees apart in the cubic system. The Burgers orientation relationship between and is f110g == ð0002Þ ; h111i == h2 1 1 1 10i . 42) Following transformation to the phase, the texture of the phase would be expected to be inherited by the phase in a manner consistent with the Burgers relationship as has been observed previously for the Ti-6Al-4V alloy. 43) Thus after the transformation to the phase, which occurred during the cooldown from thephase field, the basal plane normal of the phase is expected to be either 0 , 60 , or 90 from the extrusion direction, which is in agreement with the experimental observations. In addition, the largest peak for the retained -phase was for the (110) plane. This has also been observed in previous studies of a Ti-6Al-4V alloy. 40, 41) Based on the orientation relationship and the symmetries of the cubic and hexagonal structures, a total of 12 crystallographically distinct variants Fig. 6 ) suggested that the basal plane was predominately oriented perpendicular to the extrusion axis for each castthen-extruded alloy. Evaluation of the relative peak heights for the (0002) reflections in the XRD 2 scans (see Fig. 5 ) and XRD pole figures (see Fig. 6 ), reveals that the greatest fraction of (0002) planes oriented perpendicular to the extrusion axis were for the Ti-6Al-4V cast-then-extruded alloy.
Tensile behavior
Processing played a significant role in altering the tensile strength of the alloys. The cast-then-extruded alloys exhibited significantly greater tensile strengths and E values at 728 K than the as-cast alloys. The tensile strength of the castthen-extruded Ti-6Al-4V alloy was similar to that for a wrought solution-treated and annealed Ti-6Al-4V alloy. 44) Unlike that for the as-cast alloys, the B-content did not significantly alter the tensile strengths of the cast-thenextruded alloys. This is believed to be a result of the -phase texture in the cast-then-extruded alloys. As the vast majority of the microstructure consisted of the -phase, the texture of the -phase is important to the mechanical behavior. If the basal plane is normal to the extrusion/tensile axis, then slip along the basal plane is prevented. Thus, this represents a ''hard orientation''. The XRD data (see Figs. 5 and 6) suggest that the greatest fraction of basal planes oriented perpendicular to the tensile axis were for the Ti-6Al-4V cast-thenextruded alloy, and this may be responsible for it exhibiting a tensile strength similar to that for the B-modified cast-thenextruded alloys. That is, the strengthening from the TiBphase load sharing in the B-modified alloys may have played a secondary role compared to the strengthening caused by the -phase texture in the cast-then-extruded alloys. The increase in the E value of the cast-then-extruded alloys compared to the as-cast alloys is expected to be a result of the texture.
The surface deformation behavior of the alloys had been previously characterized in-situ during tensile experiments at 728 K.
45) The B-modified alloys exhibited global yielding above their respective yield stresses and surface microcracks in the TiB whiskers were observed at stresses well below the global yield stress. In some cases, the TiB whisker cracks were observed at stresses more than 150 MPa below their global yield stress. Slip emanated from the cracked TiB whiskers. A similar sequence of surface deformation events has been noted at RT. 25) Crack initiation at ceramic particles or whiskers and propagation into Ti-6Al-4V alloy matrices as has also been observed elsewhere.
9)
Creep behavior
Since the stiffness and strength of the TiB whiskers are significantly higher than that of the and phases, much of the load placed on the alloy is supported by the TiB whiskers. Thus, the creep resistance of the Ti-6Al-4V alloy is expected to increase with an increase in B content for a given þ microstructure. During the loading phase of the creep test, load is gradually transferred from the and phases to the TiB whiskers. As a consequence of load-sharing by the TiB whiskers, stress relaxation in the and phases occurs. The highly-loaded whiskers break at locations where stresses are maximum and where flaws are accumulated. At these locations, load is transferred from the TiB whiskers to the surrounding phases. As a consequence, further creep deformation is maintained. The TiB whiskers were also expected to impede dislocation motion through the continuous þ microstructure, and thereby increase the creep resistance. However, the þ microstructure was expected to play a significant role in the creep resistance, as it consisted of at least 94 volume percent of the microstructure. In particular, the -phase alone consists of up to 80% of the microstructure. The texture of the anisotropic -phase is critical to its mechanical behavior. At elevated temperatures, the phase deforms due to 'a' and some 'c+a' slip, where 'a' slip has shown to be dominant for Ti 3 Al alloy microstructures. 46) When the basal plane is perpendicular to the tensile axis, as was the case for the cast-then-extruded alloys, the 'a' slip is prevented. Thus creep deformation, due to dislocation climb, is only possible for 'c+a' slip in this case. This is expected to be another reason for the lower creep rates and increased creep resistance of the cast-then-extruded alloys compared to the as-cast alloys, which were not strongly textured. The experimental observations indicated that for all the cast-thenextruded alloys, the Ti-6Al-4V alloy exhibited the highest preference for the -phase to be oriented perpendicular to the extrusion axis. This is believed to be the reason for its exceptional creep resistance compared with the B-containing cast-then-extruded microstructures. Thus the -phase variant selection may have been influenced by B content.
As the lath widths were four times smaller for the castthen-extruded alloys compared to the as-cast alloys, the lath width is expected to have also significantly influenced the creep strains and strain rates. For TiAl alloy microstructures, decreased lath widths have resulted in significantly reduced primary creep strains and miminum strain rates. [47] [48] [49] [50] [51] [52] [53] Finer lath/platelet thicknesses have also been shown to inhibit plastic flow and increase flow stresses for the Ti-6Al-4V alloy at elevated temperatures. 54) During dislocation creep, the finely spaced lath boundaries impede dislocation motion. If the Weertman model 55) of the climb of the leading dislocations at the head of the pileup constitutes the rate controlling mechanism, the lath spacing with regard to the mean free-slip path would be important to the creep rate where finer lath spacings decrease creep rates. Each of the cast-then-extruded alloys exhibited similar lath widths. The improved creep resistance with increased B concentration for the Ti-6Al-4V-0.1B and Ti-6Al-4V-1B cast-then-extruded alloys could be attributed to the increase in the volume percent of the TiB whiskers through load sharing as described previously.
Deformation evolution
The subsurface observations of tested samples agreed with the surface deformation evolution observations. The sequence of deformation during tensile-creep deformation was similar to that found previously for tensile experiments at RT and elevated-temperatures. 25, 45) TiB whiskers exhibited microcracks at low displacement levels. These cracks grew into macrocracks and multiplied with increased creep strain and time. Localized slip in the þ microstructure initiated after the TiB whisker cracking became extensive. Deformation continued via large plasticity in the þ microstructure followed by void formation and coalescence and crack formation in the þ phases before final ductile fracture. Cracking was particularly evident at the = interfaces, which has been found previously for Ti-6Al-4V alloys. 56, 57) In spite of the early microcracking of TiB on the sample surface, lower creep strains and strain rates were observed for the alloys containing greater TiB volume percents.
Creep mechanism
For stresses greater than 400 MPa and temperatures greater than 673 K, the n values were greater than or equal to 8 for the as-cast alloys. Such creep exponents are not unusual for particle-strengthened alloys. [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] It is noted that the applied creep stresses approached or exceeded the tensile yield stress of the as-cast alloys (see Table 4 ). For the cast-then-extruded alloys, the n values were greater than or equal to 4.8 at 673 K. Such values are expected to be representative of a dislocation climb mechanism. Dislocation climb creep has been confirmed in Ti-6Al-4V alloys in creep stress and temperature regimes similar to those examined in the current study, where the n and Q app values were similar to those reported here. [72] [73] [74] [75] In the current study, the Q app values ranged between 275-395 kJ/mol at ¼ 450 MPa for the as-cast alloys (see Fig. 10(a) ), and the Q app values ranged between 287-301 kJ/mol at ¼ 600 MPa for the cast-then-extruded alloys (see Fig. 10(b) ). Such Q app values are similar to those of lattice self-diffusion for titanium aluminides 76) and are twice that for grain boundary diffusional creep in pure Ti. 77) Thus, dislocation climb with lattice self diffusion is expected to have been the dominant creep mechanism for all the creep conditions and alloys examined. The environmentally-assisted cracking, which detrimentally affected the creep resistance and resulted in edge cracking (see Fig. 14 ) was found to be independent of B content. Such cracking could be prevented by testing in an inert environment, such as nitrogen, which has shown to result in improved creep properties compared to an air environment. 72) Environmental susceptibility to cracking is one of the main reasons for the limited use of the Ti-6Al-4V alloy for elevated-temperature (T > 623 K) structural applications.
Summary and Conclusions
Cast and cast-then-extruded Ti-6Al-4V, Ti-6Al-4V-0.1B, and Ti-6Al-4V-1B alloys were creep tested at temperatures between 673-728 K and stresses between 400-600 MPa. Greater B concentrations significantly decreased the grain size and increased the tensile strengths and Young's modulus values at 728 K for the as-cast alloys. The beneficial aspects of the tensile strengthening translated into enhanced creep resistance with increased B content for the as-cast alloys. The Ti-6Al-4V-1B as-cast alloy exhibited minimum creep strain rates that were around an order of magnitude lower than those for the as-cast Ti-6Al-4V alloy at the same applied stress and temperature. The enhanced creep resistance was explained to be a consequence of the load-sharing mechanism by the strong and stiff TiB whiskers that precipitate due to B addition. The Ti-6Al-4V-xB cast-then-extruded alloys exhibited significantly greater creep resistance than the as-cast alloys due to texture within the phase, caused by the -phase field extrusion, and the significantly finer lath widths. For the cast-then-extruded condition, the Ti-6Al-4V alloy exhibited greater creep resistance than the Ti-6Al-4V-1B alloy, which in turn exhibited greater creep resistance than the Ti-6Al-4V-0.1B alloy. This was explained by the greater propensity for the basal plan to be oriented perpendicular to the tensile (extrusion) axis for the Ti-6Al-4V cast-then-extruded alloy compared to the B-modified cast-then-extruded alloys. The enhanced creep resistance of the Ti-6Al-4V-1B alloy compared with the Ti-6Al-4V-0.1B alloy was explained to be a consequence of the load-sharing mechanism.
The sequence of deformation events, which were observed through in-situ tensile-creep experiments in the SEM, included TiB whiskers cracking, which became more extensive with increased creep strain and time. Localized slip in the þ microstructure initiated after the TiB whisker cracking became extensive. Deformation continued via large plasticity in the þ microstructure followed by void formation and coalescence then crack formation at the = interfaces and in the individual and phases before final ductile fracture. For stresses greater than 400 MPa and temperatures greater than 673 K, dislocation climb creep with lattice self diffusion was the suggested dominant secondary creep mechanism.
The B content did not significantly affect the tensile strength and ductility of the cast-then-extruded alloys at 728 K, which were significantly stronger than the as-cast alloys. Overall, this work suggests that Ti-6Al-4V-xB castthen-extruded alloys may serve as adequate replacements for elevated-temperature creep-driven applications of the Ti-6Al-4V alloy. 
